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Abstract We trace the peripheral magnetic field struc-
ture of Bok globule CB130, by estimating the linear
polarization of its field stars in the R band. The mag-
netic field orientation sampled by these stars, aligned
on average among themselves and the polarization pro-
duced within the cloud has a different direction from
that of Galactic plane with an offset of 53◦. The off-
set between minor axis and the mean magnetic field of
CB130 is found to be 80◦. The estimated strength of
the magnetic field in the plane-of-the-sky is ∼ 116±19
µG. We constructed the visual extinction map using
Near Infrared Color Excess (NICE) method to see the
dust distribution around CB130. Contours of Herschel1
SPIRE 500µm dust continuum emission maps of this
cloud is over-plotted on the visual extinction map which
shows the regions having higher optical extinction cor-
responds to higher densities of dust. Three distinct
high dust density cores (named as C1, C2, and C3) are
identified in the extinction map. It is observed that
the cores C1 and C3 located close to two previously
known cores CB130-1 and CB130-2 respectively. Esti-
mate of visual extinction of some moderately obscured
stars of CB130 are made utilizing near-infra red pho-
tometry. Its observed that there is a feeble dependence
of polarization on extinction; and polarization efficiency
(defined as p/AV ) of the dust grains decreases with the
increase in extinction.
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1 Introduction
Bok Globules, introduced by Bok & Reilly (1947)
are the regions of relatively small isolated and dense,
rounded globules. These globules are believed to
be the areas of potential star formation and hence,
are the most suitable candidates for studying the
direct interplay between protostellar collapse, frag-
mentation and magnetic fields ( Lazarian et al. 1997;
Henning et al. 2008). The magnetic field in the
outer region of a molecular cloud is often mapped
in the optical wavelength, whereas the inner area is
mapped in infrared and sub-millimeter wavelength,
by measuring the linear polarization of the back-
ground stars ( Vrba et al. 1976; Goodman et al.
1990; Myers & Goodman 1991; Kane et al.
1995; Alves et al. 2008; Ward-Thompson et al.
2009; Franco et al. 2010; Paul et al. 2012;
Chakraborty et al. 2014; Bertrang et al. 2014).
The polarization of the radiation observed through
a dusty medium is partly plane polarized, from the
aligned dust grains in the interstellar medium. These
dust grains are generally lined up with their long axes
perpendicular to the magnetic field ( Lazarian et al.
1997; Whittet et al. 2005; Henning et al. 2008).
Chakraborty et al. (2014) studied three globules
CB 56, CB 60 and CB 69 to map the magnetic field
within the observed region of the cloud. They estimated
the extinction of field stars from BV R magnitudes and
identified the probable location of each field star (back-
ground/foreground/within the cloud). The polariza-
tion efficiency of these clouds was also studied which
showed a decrease in polarization efficiency with an in-
crease in extinction along the observed line of sight.
2Bertrang et al. (2014) presented the polarimetric ob-
servations in the optical and near-infrared of the three
Bok globules B 335, CB 68 and CB 54, which were com-
bined with archival observations in the sub-millimeter
and the optical. They traced the magnetic field struc-
tures of these globules over a range of 102 − 105 AU,
covering optically thin and optically thick regions. Re-
cently, Jones et al. (2015) studied near-IR polarime-
try data of background stars shining through a selection
of starless cores taken in the K band, probing visual
extinctions up to AV ∼ 48 (mag). They found that po-
larization efficiency decreases with increase in AV with
a power law slope roughly −0.5. However, at greater
optical depths they found no grain alignment. If one
accepts the theory of dust grain alignment via radia-
tive torques, this lack of alignment at greater optical
depths may be due to the absence of a radiation source
(Alves et al. 2014; Andersson et al. 2015).
As pointed out by Lada et al. (1994), there are
two conventional methods viz. the star count and the
Near Infrared Color Excess (NICE) method, used for
measuring extinction of background stars in the ob-
served line of sight. In the star count method, ex-
tinction values are measured, at the expense of angu-
lar resolution which in turn losses the details of struc-
tural information ( Cambresy 1999). However, multi-
wavelength Near Infrared (NIR) color excess method
can measure extinction value at much deeper op-
tical depth with significantly improved angular res-
olution with smaller uncertainties ( Kandori et al.
2005). Various NIR extinction mapping techniques
(NICE, NICER, NICEST) have been used in the re-
cent years to study the detailed structure of the
clouds (viz. the distribution of the dust, tempera-
ture, density and the stability of the core) ( Lada et al.
1994; Lombardi & Alves 2001; Lombardi 2005;
Lombardi et al. 2009; Rowles & Froebrich 2009;
Nielbock et al. 2012).
We have taken polarimetric observations of CB130
at the R-band, with an aim to measure the optical po-
larization of background field stars to map the mag-
netic fields within the globule. The values of visual ex-
tinction (AV ) for background field stars are estimated
using E(J-K) method ( Whittet et al. 2008). In this
work, we have made a combined study of optical po-
larization and extinction of background field stars of
CB130. We have also created a visual extinction map
of CB130, using the stellar color excess method as de-
scribed by Rowles & Froebrich (2009), which is a gen-
eralized version of NICE mapping technique developed
by Lada et al. (1994). The rest of the paper is orga-
nized as follows. In section 2, we present a brief descrip-
tion of CB130. Observation details and data reduction
techniques are discussed in section 3. Finally, a detail
discussion of results obtained are given in section 4, and
a set of conclusions based on our work is presented in
section 5.
2 Description of the target (CB130)
CB130 (L507) is an elongated globule, situated in
the Aquila Rift region (galactic coordinates 20◦ <
l < 40◦ and −6◦ < b < +14◦) ( Dame & Thaddeus
1985). Clemens & Barvainis et al. (1988) first cata-
loged CB130, along with 248 other small isolated molec-
ular cloud. Clemens et al. (1991) have categorized
CB130 as “A” type cloud, by comparing CO peak line,
temperature and CO line width of 248 small molecular
clouds. “A” type cloud comprises a maximum num-
ber of clouds i.e. 74% of 248 clouds, where gas tem-
peratures are cold (∼ 8.5 K) and have tiny turbulent
gas motion. CB130 is found to be located at a dis-
tance of 250±50 parsec (pc) ( Launhardt & Henning
1997; Straizys et al. 2003). Lee & Myers (1999) de-
tected three cores in CB 130 from south to north and
named them as CB 130-1, CB 130-2 and CB 130-3
whose central coordinates are shown in Table 1. It is
to be noted here that CB 130-1 represents the central
core of the globule CB 130. Harvey et al. (2007) de-
tected two YSOs in CB 130-1 using a three-color (3.6
µm as blue, 4.5 µm as green, and 8.0 µm as red) im-
age of CB130-1 using Spitzer IRAC images and GO-
2 program (cores2deeper). Kim et al. (2011) later
named these two YSOs as CB130-1-IRS1 and CB130-
1-IRS2, which are 15′′ apart, corresponds to 4100 AU,
further, they mapped CB130-1 region with CO (J
=2→1) at Caltech Submillimeter Observatory (CSO)2
and found no significant evidence of out-flowing gas.
Launhardt et al. (2010) also detected that CB130
core contains two well resolved compact sources (named
them as SMM1 and SMM2), and observed that SMM1
is brighter than SMM2. Further, SMM1 is associated
with a faint NIR source, a very red star ∼ 3000 AU
east of SMM1 ( Launhardt et al. 2010, 2013). Re-
cently, Launhardt et al. (2013) detected previously
known embedded heating sources like protostars, in-
cluding the VeLLO (very low-luminosity object) in CB
130, based on the temperature and the Herschel maps.
They didn’t detect any new source other than the pre-
viously known warm, compact source in the globule.
2The Caltech Submillimeter Observatory is supported by the
NSF.
33 OBSERVATION
3.1 Polarimetry and instrumentation
Polarimetric observation of Bok globule CB130 was car-
ried out at R-band with exposure time of 600 sec in six
nights, namely 26th, 28th and 30th April, 2014 and 2nd,
3rd and 4th May, 2014, from the 2-m Cassegrainian fo-
cus telescope (focal ratio of f/10) of Girawali Obser-
vatory at Inter University Center for Astronomy and
Astrophysics (IUCAA), Pune (IGO, Latitude: 19◦5′N,
Longitude: + 73◦40′ E, Altitude = 1000 m), India.
The IUCCA Faint Object Spectrograph and Camera
(IFOSC) is the main instrument attached with the tele-
scope, which is equipped with an EEV 2K × 2K pixel2
CCD camera and an imaging polarimeter of FOV ∼
2 arcmin radius, to measure linear polarization in the
wavelength band 350 − 850 nm. This instrument also
uses a half-wave plate (HWP) followed by Wollaston
prism to observe two orthogonal polarization compo-
nents that define a Stokes parameter. For further de-
tails please refer to Chakraborty et al. (2014) and ref-
erences therein. The average value of FWHM for the
stellar images is ∼ 2 arcsec. The observations were
made for four sub-regions to cover CB 130-1 core.
Description of the steps followed for data reduc-
tion, and calibration of results are same as discussed
in Chakraborty et al. (2014). Instrumental polariza-
tion is determined by observing an unpolarized stan-
dard star HD 115617, and its polarization value in R-
band, is found to be p < 0.05% which is in good agree-
ment with literature ( Serkowski et al. 1975). We have
also observed a polarized standard star HD 154445 at
R-band taken from Hsu & Breger (1982) (our results:
pobs = (3.48 ± 0.06)%, θobs = 88.90 ± 0.87 degrees)
to calibrate our result with zero-position angle. In ta-
ble 2, we have presented the estimated values of linear
polarization at R-band for 54 field stars of CB 130.
3.2 Near-infrared data
The near-infrared, J(1.24 µm), H(1.66 µm), and
K(2.16 µm) magnitude of the field stars of CB130
have been obtained from the 2MASS Point Source Cat-
alog in regions of 25′ × 25′ centered on the globule
( Cutri et al. 2003). Only those stars are selected
whose JHK magnitude are of the highest quality flag
in each of the three filters (Qflag = “AAA”) i.e. SNR
≥10.
4 RESULTS
4.1 Polarization Map
In figure 1, we have plotted the polarization vectors
(also termed as pseudo vectors3) of 39 stars (having
p/ ∈p≥ 3, ∈p is the error in polarization value), which
represent the projection of magnetic field on the ob-
served plane of the sky. The polarization vectors are
superimposed on DSS (Digital Sky Survey) image of
CB130, taking observed field stars as their centers.
The length of the polarization vector is proportional
to the magnitude of polarization p (in percent), and it
is aligned in agreement with position angle θ (in de-
gree), measured w.r.t north increasing eastward. All
the vectors are scaled to a reference line drawn at the
bottom right corner with p = 2% and θ = 90◦.
4.2 Estimation of visual extinction (AV ) from NIR
photometry
4.2.1 Estimation of AV from E(J −K)
Dust column density in a given line of sight is
often expressed in terms of the extinction (AV )
that it would produce in the V photometric band.
For stars lacking spectral classifications, researchers
have used some indirect methods, based on estimat-
ing the color excess of a star, to determine the
value of its AV ( Rydgren 1976; Teixeira & Emerson
1999; Bernabei & Polcaro 2001; Whittet et al. 2008;
Maheswar et al. 2010; Chakraborty et al. 2014).
These methods exploit the fact that the extinction law
in the interstellar medium is roughly constant over
many lines of sight in the NIR ( Cardelli 1989). Thus,
even if the actual spectral type is unknown, an accurate
estimate of the extinction can be done by employing
this method. To determine the values of visual extinc-
tion for the observed field stars of CB 130, we have used
the E(J − K) method, which is extensively described
in Whittet et al. (2008); Shenoy et al. (2008).
The value of visual extinction (AV ) to an object, can
be determined from the E(J −K) of an object, using
the relation:
AV = r1 × E(J −K) (1)
The value of r1 for diffuse interstellar medium is
given by 5.74 ( Teixeira & Emerson 1999). Figure
3These polarization measurements are not true vectors because
they have an 180 degree ambiguity
4Table 1 Central coordinates of three cores of CB130 (L507) (galactic coordinatesa: l = 26.62◦, b = 6.65◦).
Serial Object RA(J2000) Dec.(J2000) Position Angle References θGP
number ID (h m s) (◦ ′ ′′) long axis ( ◦) ( ◦)
1 CB130/CB130-1 18 16 15.9 −02 33 01 90 a, b 27
2 CB130-2 18 16 14.1 −02 23 23 b
3 CB130-3 18 16 17.9 −02 16 41 b
. . .
a Clemens & Barvainis et al. (1988)
b Lee & Myers (1999)
Note: [θGP ] Position angle of the galactic plane at b = 6.65
◦
55.2 40.8 26.4 18:16:12.0 57.6 15:43.2
24:00.0
27:00.0
-2:30:00.0
33:00.0
36:00.0
39:00.0
42:00.0
R.A. (2000)
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Fig. 1 The stellar polarization vectors and position angles are superimposed on a ∼ 20′ × 20′ R-band DSS image of the
field containing CB130. We have plotted 39 stars whose, p/ ∈p≥ 3. A vector with a polarization of 2% and 90
◦ orientation
w.r.t to the North is drawn for reference, the length of all the polarization vector is proportional to it. The ‘+’ symbol
represents the globule center RA = 18h 16m 15.9s and Dec = − 02d 33m 01s. Arrows I, II, III, IV, and V indicate the
orientation of the minor axis with P.A. (∼ 0 deg.), Galactic plane at b= 6.65◦ having P.A. (∼ 27 deg.), avg. polarization
P.A. (∼ 80 deg.) of the observed field stars, the major axis of the cloud with P.A. (∼ 90 deg.), and avg. polarization
P.A. (∼ 102 deg.) of some stars obtained from Heiles (2000), respectively in the observed plane of sky. We have also
over-plotted contours of Herschel SPIRE 500µm dust continuum emissions which range from 25 to 95, increasing in a step
size of 10 mJy beam−1.
5Table 2 Estimated values of p and θ of field stars in CB 130 at R-band along with AV of some field stars with AV /(∆AV ) ≥
2.
S/N RA(J2000) Dec.(J2000) p (θ ) p/ ∈p≥ 3 AV p/AV
‡
(h m s) (◦ ′ ′′) (%) (◦) (Y/N)⊙ (mag) (% mag−1)
1 18 15 55.2 − 02 37 19.6 5.49 ± 2.01 85 ± 10 N ¶ —
2 18 15 56.1 − 02 33 23.2 2.87 ± 0.50 80 ± 22 Y 1.49 ± 0.40 1.93 ± 0.63
3 18 15 57.6 − 02 37 05.5 3.34 ± 0.53 79 ± 08 Y 1.21 ± 0.46 2.76 ± 1.09
4 18 15 58.4 − 02 32 50.9 1.51 ± 0.37 93 ± 07 Y ⋆ —
5 18 16 00.7 − 02 38 02.4 5.25 ± 0.92 79 ± 05 Y ⋆ —
6 18 16 01.4 − 02 30 41.6 3.63 ± 2.35 85 ± 19 N ⋆ —
7 18 16 03.1 − 02 32 57.6 3.66 ± 0.26 95 ± 02 Y 2.48 ± 0.49 1.15 ± 0.33
8 18 16 03.1 − 02 31 56.8 2.86 ± 0.59 102 ± 06 Y 1.71 ± 0.41 1.46 ± 0.59
9 18 16 06.1 − 02 36 48.1 2.49 ± 0.81 54 ± 13 Y 3.13 ± 0.43 0.84 ± 0.3
10 18 16 07.6 − 02 35 33.2 2.08 ± 0.99 105 ± 14 N † —
11 18 16 08.2 − 02 37 52.1 2.62 ± 0.87 74 ± 20 Y 2.3 ± 0.46 0.79 ± 0.46
12 18 16 08.5 − 02 36 26.7 1.83 ± 0.55 79 ± 12 Y 2.18 ± 0.46 1.45 ± 0.99
13 18 16 10.5 − 02 36 22.8 1.82 ± 0.80 81 ± 16 N 1.23 ± 0.43 3.00 ± 1.29
14 18 16 12.1 − 02 37 03.9 1.62 ± 0.52 105 ± 09 Y  —
15 18 16 12.2 − 02 30 46.3 2.17 ± 0.06 102 ± 01 Y † —
16 18 16 12.5 − 02 28 54.6 3.16 ± 1.56 84 ± 19 N ¶ —
17 18 16 16.9 − 02 30 55.6 3.69 ± 0.92 95 ± 07 Y ¶ —
18 18 16 16.9 − 02 30 27.3 2.93 ± 0.81 101 ± 08 Y  —
19 18 16 18.5 − 02 36 20.3 3.62 ± 1.20 66 ± 12 Y  —
20 18 16 19.2 − 02 35 42.6 1.97 ± 0.34 69 ± 05 Y † —
21 18 16 20.5 − 02 36 35.7 1.29 ± 0.19 69 ± 06 Y  —
22 18 16 21.7 − 02 29 47.9 2.22 ± 0.60 70 ± 08 Y † —
23 18 16 22.9 − 02 33 08.1 2.53 ± 0.31 109 ± 04 Y ⋆ —
24 18 16 23.1 − 02 30 39.4 6.60 ± 1.36 98 ± 06 Y  —
25 18 16 23.1 − 02 29 32.1 1.82 ± 0.91 71 ± 16 N 1.65 ± 0.46 2.03 ± 0.63
26 18 16 24.7 − 02 29 58.3 1.52 ± 0.50 93 ± 10 Y  —
27 18 16 26.0 − 02 33 54.3 2.49 ± 0.82 67 ± 17 Y 2.36 ± 0.29 0.60 ± 0.11
28 18 16 26.2 − 02 30 27.8 3.08 ± 0.24 82 ± 02 Y ⋆ —
29 18 16 26.2 − 02 35 38.4 2.10 ± 1.94 66 ± 26 N ⋆ —
30 18 16 26.4 − 02 35 28.9 2.07 ± 1.22 66 ± 17 N † —
31 18 16 27.2 − 02 34 49.2 1.30 ± 0.23 69 ± 05 Y ¶ —
32 18 16 27.3 − 02 32 12.9 1.27 ± 0.65 66 ± 15 N ⋆ —
33 18 16 27.6 − 02 36 44.9 2.12 ± 0.12 66 ± 02 Y 1.89±0.41 1.12±0.25
34 18 16 28.0 − 02 36 00.8 1.84 ± 0.59 69 ± 09 Y ⋆ —
35 18 16 28.2 − 02 35 33.1 1.48 ± 0.22 66 ± 04 Y  —
36 18 16 29.2 − 02 36 00.3 4.43 ± 2.41 95 ± 16 N ⋆ —
37 18 16 29.9 − 02 36 50.4 2.44 ± 1.83 66 ± 21 N ⋆ —
38 18 16 29.1 − 02 31 08.6 2.07 ± 0.12 45 ± 02 Y ¶ —
39 18 16 30.8 − 02 37 24.6 3.54 ± 1.89 86 ± 15 N ⋆ —
40 18 16 30.8 − 02 34 25.3 3.06 ± 0.84 86 ± 23 Y  —
41 18 16 31.6 − 02 36 55.9 2.54 ± 1.25 65 ± 15 N 1.30 ± 0.43 1.95±1.16
42 18 16 31.7 − 02 37 33.8 1.51 ± 1.23 57 ± 23 N † —
43 18 16 33.1 − 02 31 22.8 3.72 ± 0.37 105 ± 03 Y † —
44 18 16 33.5 − 02 30 06.2 1.98 ± 0.09 46 ± 01 Y  —
45 18 16 33.9 − 02 32 43.6 3.36 ± 0.44 109 ± 04 Y ⋆ —
46 18 16 34.4 − 02 27 50.1 1.42 ± 0.20 66 ± 13 Y 1.30 ± 0.49 1.09 ± 0.44
47 18 16 34.5 − 02 27 13.0 2.99 ± 0.16 47 ± 02 Y  —
48 18 16 35.1 − 02 32 30.6 2.27 ± 0.20 111 ± 03 Y 1.12 ± 0.46 2.03 ± 0.76
49 18 16 37.3 − 02 29 23.8 1.65 ± 0.49 102 ± 08 Y  —
50 18 16 37.6 − 02 29 01.1 1.00 ± 0.19 49 ± 05 Y 0.83 ± 0.41 1.21 ± 0.64
51 18 16 41.7 − 02 32 01.3 1.05 ± 0.51 118 ± 14 N 1.11 ± 0.41 0.95 ± 0.59
52 18 16 43.1 − 02 31 16.9 3.82 ± 0.90 104 ± 07 Y ⋆ —
53 18 16 44.0 − 02 29 26.6 1.09 ± 0.26 66 ± 18 Y  —
54 18 16 48.2 − 02 30 46.1 1.30 ± 0.20 54 ± 04 Y † —
Note: ⊙ Y (for Yes) and N (for No); ‡ Polarization efficiency; ¶ denotes those stars, which touches the intrinsic color curves (refer to Figure 2);
⋆ represents those stars whose photometric errors in J,H and K are greater than 0.03 mag); † those stars having AV /(∆AV ) < 2;  stars whose
extinction value cannot be determined using E(J −K) method, as they can’t be traced back to the intrinsic color curves.
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Fig. 2 (J −H) vs (H −K) color-color diagram for 42 field stars of CB 130 (whose photometric errors in J , H and K are
≤0.03 mag), listed in table 2. Blue and brown colored curves represent the intrinsic colors for normal dereddened stars of
main-sequence (classes V) and the red giant branch (classes III), respectively( Straizys & Lazauskait 2009). An arrow in
the upper left corner of the diagram is drawn with a slope of 1.70 ( Draine 2003), represents the sample reddening vector
of visual extinction (AV ) = 2 (in mag). Out of these 42 stars we could estimate the value of AV for 29 field stars which
can be traced back to the intrinsic color curve along the standard reddening vector (green open circles represent 16 field
stars whose extinction values are listed in table 2 and their AV /∆AV ≥ 2, while the black asterisk represent 13 stars, which
either touches intrinsic color curve or those having AV /∆AV < 2). Thirteen open black squares represent those stars, which
can’t be traced back to the intrinsic color curves. The two diagonal dash-dotted lines are drawn parallel to the reddening
vector and thus, represent the upper and lower bounds of the area in which reddened field stars with normal intrinsic color
are expected to be distributed. To explain the method stated in this paper for estimating the reddening of a star, a black
arrow is drawn for the star (#3) (as an example, marked by filled circle) parallel to the sample reddening vector from the
observed color to the intrinsic color-color curve. The estimated values of E(J −H), E(H −K), E(J −K), and hence AV
are also shown in the figure (please see the text for details).
72 represents a (J − H) vs (H − K) color-color dia-
gram for 42 fields stars4 of CB130, where the blue
and brown colored curves represent the intrinsic colors
for normal dereddened stars of main-sequence (classes
V) and red giant branch (classes III), respectively
( Straizys & Lazauskait 2009). The arrow in the up-
per left corner of the diagram represents a sample red-
dening vector with a slope of 1.70 (defined by E(J −
H)/E(H − K)) ( Draine 2003), having visual extinc-
tion (AV ) = 2 (mag). The value of E(J −K) of a star
is given by E(J −K) = E(J −H) +E(H −K), where
E(J −H) = [(J−H)obs− (J−H)int] and E(H−K) =
[(H−K)obs−(H−K)int]. Our basic idea is to estimate
the values of E(J −K) for those field stars, whose red-
dening vectors can be traced back to the intrinsic color
curve along the standard reddening vector. The value
of these color excess is estimated in two steps first by
extrapolating along the appropriate reddening vector
onto intrinsic color lines, and then by projecting the
reddening vector drawn onto the (J −H) and (H −K)
axis, which in turn gives the magnitude of E(J − H)
and E(H −K) respectively for a particular star. This
method of estimating AV , generally provides unam-
biguous results, as the bright background stars included
in our sample are either late-type (K,M) giants, which
deredden onto the upper branch, or main-sequence stars
earlier than K0; red dwarfs distant enough to be back-
ground to the cloud are predicted to be too dim at
2.16µm band to be selected in our sample. For further
details please see ( Whittet et al. 2008; Shenoy et al.
2008).
Green open circles in Figure 2 represent 16 field stars
whose extinction values are listed in table 2 and their
AV /(∆AV ) ≥ 2, while the black asterisk represent 13
stars which touches the intrinsic color lines or those
having AV /∆AV < 2 (where ∆AV represents error in
AV ). It is to be noted here that we considered those
stars to have negligible extinction, which touches in-
trinsic color curves. However using above mentioned
technique we couldn’t estimate the value of extinction
values for these stars with greater certainty, thus we
haven’t considered them for our further analysis. Thir-
teen open black squares represent those stars, which
can’t be traced back to the intrinsic color curves. The
average value of AV for 16 stars is (AV )avg= 1.71 (mag)
having a standard deviation of (σAV ) = 0.64 (mag).
4.2.2 Visual extinction map
The degree of linear polarization depends both on the
properties of dust grains and the environment in which
4Here we have considered only those sources, whose uncertainties
in J, H, and K filters are ≤0.03 mag.
they exist. Therefore to understand the variation of
the polarization with extinction (AV ), we have created
a visual extinction map for CB130, using the Near-
Infrared Color Excess (NICE) method as described by
( Rowles & Froebrich 2009). In this technique, the me-
dian color map has to be created, which can be further
converted to the color excess map. The infrared color
excess is directly related to the visual extinction via the
extinction law ( Rowles & Froebrich 2009):
AV =
5.689
2
(AH,<J−H> +AH,<H−K>) (2)
where,
AH,<J−H> =
<J−H>
(
λH
λJ
)β−1
or AH,<H−K> =
<H−K>
1−(
λK
λH
)−β
In deriving the extinction from equation 2, we
adopted the coefficient β=1.7 ( Draine 2003). For fur-
ther details of color-excess mapping technique and dis-
cussions, please see ( Rowles & Froebrich 2009) and
the references therein.
In Figure 3 (a), we have overlaid the polarization
vectors of 39 stars (whose p/ ∈p≥ 3) on the visual ex-
tinction map of CB130, which represents the spatial
variation of polarization with extinction in the observed
plane of the sky. The field of view of visual extinc-
tion map is ∼ 25′× 25′, having dimension of each pixel
= 10′′ × 10′′ (spatial resolution = 34′′). We also have
over-plotted contours, corresponds to Herschel SPIRE
500µmdust continuum emission map (downloaded from
Herschel Science Archive), over the visual extinction
map of CB130. These contours range from 25 to 95, in-
creasing a step size of 10 mJy beams−1. Three distinct
high dust density cores could be seen in the extinc-
tion map: one close to the center of the cloud marked
by ‘C-1’ (J2000: RA= 18h 16m 17s, Dec.= −02d 32m
43s) and the other two in the northern part marked by
‘C-2’ (J2000: RA = 18h 16m 06s, Dec. = −02d 25m
47s) and ‘C-3’ (J2000: RA = 18h 16m 14.4s, Dec. =
−02d 22m 55.2s). We can identify that ‘C-1’ and ‘C-3’
cores are located very close to two cores CB130-1 and
CB130-2 (please see Table 1) which were detected by
Lee & Myers (1999). It is thus clearly observed from
the figure that, the visual extinction map matches well
with the dust continuum emission i.e. the regions in
the map having higher visual extinction correspond to
higher densities of dust. Further we found that the
core C1 is identical to CB 130-1-IRS2 [ Kim et al.
(2011): RA (2000) = 18h 16m 17.4s, Dec (2000) =−02d
32m 41.1s], which is also one of the YSO detected by
Harvey et al. (2007) in CB 130-1. Launhardt et al.
(2010) and Kim et al. (2011) found that CB130-1-
IRS1 is younger and more embedded than CB 130-1-
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Fig. 3 Polarization vectors overlaid on visual extinction (AV ) map of CB 130 (map includes both CB130-1 and CB130-2
core) constructed using NICE method having field of view (FOV) ∼ 25′ × 25′, dimension of a pixel = 10′′ × 10′′ (spatial
resolution = 34′′). Here we have plotted 39 stars whose p/ ∈p≥ 3. Polarization vectors are scaled with a reference vector
overlaid at the bottom right corner with p =2% and θ = 90◦. We have used two ‘+’ symbols to represent two cores of CB
130: CB 130-1 core located at RA = 18h 16m 15.9s and Dec. = − 02d 33m 01s (also the center of the cloud), and CB 130-2
core located at RA = 18h 16m 14.1s and Dec.= − 02d 23m 23s. Three distinct high dust density cores could be seen in the
extinction map: one close to the center of the cloud marked by ‘C-1’ and the other two in more northern part marked by
‘C-2’ and ‘C-3’ which are represented by the symbol ‘×’. Contours correspond to Herschel SPIRE 500µm dust continuum
emissions which range from 25 to 95, increasing a step size of 10 mJy beam−1.
IRS2. In our extinction map, we could detect CB130-
1-IRS2, but not CB130-1-IRS1. It may be due to the
gas density is high in that region as compared to dust
density. Further, we couldn’t associate C2 to any pre-
viously known sources in the literature, as we didn’t
find enough studies done around that region. So it will
be very interesting to look into the part for detail un-
derstanding.
4.3 Geometry of magnetic field in CB130
Figure 4 represents the distribution of polarization and
position angle for the observed field stars (No. of
stars = 39, those having p/ ∈p≥ 3) of CB130, in R
band. The mean value of polarization of those stars is
pavg = 2.53% with a standard deviation σp=1.15%, also
the mean value of the position angle is θavg=80
◦ which
represents orientation of peripheral magnetic field with
a standard deviation σθ = 20
◦.
It can be observed from the figure 1 that the polariza-
tion vectors of most of the stars are well aligned along a
common direction in the observed plane of the sky. This
better alignment of polarization vectors among them-
selves is entirely expected, as CB 130 is “A”-type cloud
(as mentioned in section 2), which have less dynami-
cal activity and turbulence. The solid arrow (II) in the
figure 1 is drawn parallel to the Galactic plane to rep-
resent the relative orientation of Galactic plane in the
observed plane of the sky. The position angle of the
galactic plane at the latitude of the cloud is found to
be θG.P = 27
◦. We found the angular offset between
the position angle of the Galactic plane of the cloud and
the mean value of observed polarization position angle
is |θG.P − θavg| = 53
◦, which indicates the polarization
produced within the cloud has a different direction from
that produced in the interstellar (IS) medium. In the
IS medium, it is generally found that the polarization
is mostly aligned along the direction of the Galactic
magnetic field (coinciding with the direction of Galac-
tic plane).
The magnetic field geometry of a molecular cloud is
believed to play a crucial role in contraction and subse-
quent star formation, as it provides the necessary sup-
port (in addition to thermal and turbulent pressure)
to a molecular cloud that would otherwise collapse un-
der its weight ( Mouschovias & Morton (1991) and the
other references therein). Models of magnetically dom-
inated star formation predict that the magnetic field
should lie along the minor axis of the star-forming cloud
( Mouschovias & Morton 1991; Li 1998), and it is ex-
pected that the cloud tends to contract first in a direc-
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Fig. 4 Histogram shows the distribution of the degree of linear polarization and polarization position angle vs. N
(Number of star), for 39 stars of CB130 having p/ ∈p≥ 3. Dotted line in figure 4 (a) & (b) represents the position of the
mean value of polarization vectors and position angle respectively for the observed field stars. A solid line is drawn in 4 (b)
to indicate position angle (θG.P = 27
◦) of the Galactic plane at b = +6.65◦.
tion parallel to the magnetic field and then in quasi-
statically perpendicular to the field orientation ( Li
1998; Ward-Thompson et al. 2009). The position an-
gle (P.A.) of the major axis of CB130 is θmaj = 90
◦
( Clemens & Barvainis et al. 1988), and that of minor
axis is θmin = 0
◦, indicating the observed magnetic
field in the periphery of CB130 is found to be almost
aligned with the major axis (|θmaj−θavg| = 10
◦), while
the offset of the former with the minor axis of the cloud
is (|θmin − θavg| = 80
◦). This is inconsistent with the
magnetically dominated star formation models. A simi-
lar type of inconsistency between the minor axis and the
peripheral magnetic field was seen by Eswaraiah et al.
(2013) for L1570 and for IRAM 04191, L1521F, L673-7,
L1014 by Soam et al. (2015). However, it is also ob-
served that the orientation of magnetic field structure
in dense and heavily obscured region is not always par-
allel with the peripheral magnetic field. And absence
of sub-millimeter data for CB130 have restricted our
study to the low-density region only.
Further, to compare the relative orientation of pe-
ripheral magnetic field with the magnetic filed in the
inter-cloud regions, we have obtained stellar polariza-
tion data of stars from Heiles (2000) within a circu-
lar area of radius 4◦ about the central coordinates of
CB130. We have found that the average value of po-
sition angle of those stars (No. of stars 4, found in 4◦
radius) is θ′avg = 102
◦. We have also estimated the
average value of polarization and visual extinction of
stars located in 4◦ radius which are given by p′avg =
0.21%, (AV )
′
avg= 0.23 (in mag) (taking RV=3.1). Thus,
it could be seen from above discussion that the mag-
netic field in the periphery of CB 130 has an offset of
|θ′avg−θavg| = 22
◦ with the magnetic field of inter-cloud
regions in the observed plane of the sky.
It can also be seen from figure 1 and 3, that the
contours (Herschel SPIRE 500 µm ) overlaid on the
extinction map at the center of the cloud CB130, are
roughly elongated along east-west direction, and the
magnetic field geometry of the cloud seems to follow
this large-scale structure, as most of the polarization
vectors overlaid, are well aligned with the elongation of
these contours.
4.3.1 Measuring magnetic field strength of CB130
The magnetic field strength (Bpos) in the observed
plane of the sky may be estimated by a modi-
fied version of the classical method proposed by
( Chandrasekhar & Fermi 1953), which generally pro-
vides a good estimate of the magnetic field strength
in the observed plane-of sky, provided the dispersion
in polarization angles is < 25◦( Ostriker et al. 2001).
This technique assumes that the magnetic field is frozen
into the gas, and that turbulence leads to isotropic fluc-
tuation of the magnetic field around the mean field di-
rection.
Bpos =
√
4pi
3
ρ¯
νturb
σθ
(3)
where ρ¯ (in g cm−3) and νturb (in cm s
−1) denote
the density and rms turbulence velocity of the gas
respectively, while σθ denotes the standard deviation
of the polarization position angles in radians. Fur-
ther ρ¯= 1.36 nH2MH2 ; where MH2 = 2.0158 amu =
10
Table 3 Mean extinction, gas densities, gas velocities, and magnetic field strengths traced in the peripheral region of
CB130.
Region 〈AV 〉 nH2 ρ¯ ∆νFWHM νturb σθ B
(in mag) cm−3 gcm−3 kms−1 kms−1 (◦) (µG)
Peripheral 1.74 2.65× 103 1.21×10−20 4.2† 1.79 20±3.20 116±19
.
Note: † Lippok et al. (2013)
2.0158 × 1.66×10−24g is the mass of a H2 molecule
and νturb = ∆νFWHM/2.35.
We have estimated the value of mean particle density
〈nH2〉 by using the relation
〈nH2〉 = 〈AV 〉 (
NH2
AV
)
1
l
(4)
assuming it to be a cylindrical filament. Here, l (in
cm) is the diameter of the cloud and 〈AV 〉 =1.74 is the
mean extinction based on our study on section 4.2.1
and this value matches well with our extinction map.
It is worthy to mention here that we have considered all
the stars are lying behind the cloud. Based on spectral
energy distributions (SEDs), column density and dust
temperature maps, Launhardt et al. (2013) estimated
the mean radii of CB130 to be R = 0.1pc. Also we have
used standard gas-to-extinction ratio (
NH2
AV
) = 0.94 ×
1021cm−2mag−1 (Bohlin et al. 1978) to estimate the
mean molecular hydrogen column density. This ratio
assumes that most of the hydrogen is in molecular form
where RV= 3.1. Further we assumed that CB130 is
located at a distance of 250 pc (refer to section 2).
Further uncertainty in our estimations of the mag-
netic field strength, arises from the errors in measuring,
density of the core, turbulence velocity and standard
deviation of position angles. However unavailability of
uncertainties in both density of the core and turbulence
velocity, have restricted us to determine the uncertainty
in the magnetic field from the error associated with the
standard deviation of polarization angles. We used, the
standard error (S.E)5 as a measure of precision in mea-
suring standard deviation of polarization angle, which
is found out to be 3.20◦. Using above data, we have
estimated the mean magnetic field in the peripheral re-
gion of CB130 to be ∼ 116 ± 19µG which is listed in
table 3.
5S.E = σθ√
N
(Everitt 2003), here N represents sample size, for
our case N=39
4.4 Polarization efficiency
The non-spherical dust grains of the interstellar
medium, are believed to be aligned with respect to
the magnetic field by the interactions of the incident
anisotropic radiation with the grains and the local
magnetic field, which in turn produces differential ex-
tinction and hence polarize the background starlight.
Myers & Goodman (1991) found that the bending
and distortions of magnetic field lines traced by optical
polarization can be expected in regions where the ac-
cumulation of gas has occurred, or still occurring, with
infall speeds comparable to or greater than the Alfven
waves. The dependence of polarization (hence the grain
alignment), on the visual extinction, is generally esti-
mated by measuring polarization efficiency, defined as
the ratio of polarization produced for a given amount of
extinction (p/AV ) ( Whittet 2003). Figure 5(a), rep-
resents the variation of AV versus p for the field stars
of CB130. It should be noted here that we have consid-
ered all the stars to be located in the background to the
cloud. However tracing the magnetic field by estimating
the linear polarization of background starlight in opti-
cal wavelength is limited to low extinction region only
(AV ∼ 1−5 (mag)) ( Vrba et al. 1976) . It can also
be observed that the field stars of CB130, lie below the
line drawn by using the relation: p(%) = 3AV (mag)
representing the optimal polarization efficiency of the
grains due to selective extinction in the diffuse interstel-
lar medium (ISM) ( Whittet 2003). Whittet (2003)
found p/AV = 3 (per cent mag
−1) for those regions
where the magnetic field is disordered or not transverse
to the line-of-sight, or the degree of grain alignment
is lower. They also concluded that the interstellar dust
grains must be sufficiently non-spherical and sufficiently
aligned so that p/AV = 6 (per cent mag
−1). However
the theoretical upper limit of the p/AV ≤ 14 (per cent
mag−1), for dust grains consisting of completely aligned
infinite dielectric cylinders ( Whittet 1992).
Figure 5(b) displays the variation of p/AV vs. AV
for the field stars of CB130, it indicates that polar-
ization efficiency decreases with the increase in extinc-
tion, which suggests that there is a decline in the effi-
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Fig. 5 (a) Upper panel is the plot of AV vs p for 16 field stars of CB130. The solid line in the figure represents upper limit
for polarization efficiency p = 3.0AV Whittet (2003). (b) Lower panel is the plot of AV vs p/AV for the 16 background
field stars of CB130. The solid line in the figure represents the unweighted power-law fit to our sample p/AV = 1.82A
−0.62
V
(per cent mag−1).
ciency of grain alignment in the inner region as com-
pared to the outer region of the dark cloud. This
observed variation in p/AV may arise due to vari-
ous factors, such as the presence of turbulence in the
magnetic field in the medium and/or various compo-
nents of random/uniform magnetic fields oriented dif-
ferently along the line of sight ( Jones et al. 1992).
( Gerakines et al. 1995) also studied this phenomenon
of a decrease in polarization with an increase in ex-
tinction for the Taurus dark cloud (TDC) by con-
sidering some factors (poor grain alignment, grain
growth and/or changes in grain shape or composition).
Recently Hoang & Lazarian (2014); Hoang et al.
(2015) showed that the radiative torques model can pre-
dict a fall-off of polarization efficiency with increasing
extinction. This dependency of polarization efficiency
on extinction can be well explained by using a power law
of the form p/AV ∝ A
−α
V . The solid line in the figure
shows an unweighted power-law fit to our sample p/AV
= 1.82±0.33A−0.62±0.22V (percent mag
−1). This result is
consistent with the findings of Gerakines et al. (1995);
Whittet et al. (2008); Chakraborty et al. (2014)
and Barman & Das (2015). In Chakraborty et al.
(2014), a similar dependence of polarization efficiency
on extinction in the Bok globules CB56, CB60 and
CB69 was reported.
5 CONCLUSIONS
1. We have traced the local magnetic field structure of
CB 130 in low-density region, by measuring the value
of linear polarization in the optical wavelength for 30
field stars (whose p/ ∈p≥ 3). Polarization map ob-
tained from our study indicates that the polarization
vectors of most of the stars are aligned in some com-
mon direction which in turn shows that magnetic
field orientation sampled by these background stars
appear to be aligned on average. The angular offset
between the position angle of the Galactic plane of
the cloud and the mean value of observed polariza-
tion position angle is 53◦, which indicates the po-
larization produced within the cloud has a direction
different from that generated in the IS medium. Fur-
ther, we have found that the minor axis is almost
perpendicular to the mean peripheral magnetic field
of CB130.
2. We have estimated the value of 〈nH2〉 = 2.65 ×
103gcm−3 for CB130, which is further used to cal-
culate the mean magnetic field strength in the outer
envelope which is given by ∼ 116± 19µG.
3. We have also presented the visual extinction map,
on which polarization vectors of 39 field stars are
overlaid, which represents the spatial variation of
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polarization with extinction in the observed plane
of the sky of CB 130. We have found that the vari-
ation of polarization with extinction is feeble in the
low-density region of the cloud. The extinction map
is constructed using NICE method from NIR data,
of dimension ∼ 25′ × 25′. We have detected three
distinct cores in CB130 and named them as C1, C2
and C3 from south to north. Cores C1 and C3 are
found to be located very close to the central coordi-
nates of CB 130-1 and CB 130-2. Further, we have
observed that C3 is identical with CB130-1-IRS2 de-
tected by Kim et al. (2011). We couldn’t associate
C2 to any previously known sources in the literature,
as we didn’t find enough studies done around that
region.
4. Contours of Herschel SPIRE 500µm map, are over-
laid on the extinction map at the center of the cloud
CB130. It is observed that the contours are roughly
elongated along north-east to southwest direction,
and the magnetic field geometry of the cloud in the
periphery seems to follow this large-scale structure,
as most of the polarization vectors overlaid are well
aligned with the elongation of these contours.
5. Visual extinction (AV ) for 15 field stars of CB 130
has been estimated employing E(J − K) method.
We further found that the background starlight of
CB 130 shows a tendency to decrease in polariza-
tion efficiency (p/AV ) with the increase in extinc-
tion. This suggests that there is a decline in the
efficiency of grain alignment in the inner region as
compared to the outer region of the dark cloud. Our
results are in agreement with the findings of other
clouds by different investigators.
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